Introduction
Structures are commonly loaded with a mean stress. Therefore, it is necessary to investigate the influence of the mean stress on the fatigue strength of the structural materials. Fatigue strength of a material, whose fatigue crack is initiated from an inclusion, strongly depends on the size of the inclusion. The fatigue strength of the material is quite variable. Therefore, if we test the effect of the mean stress on the fatigue strength of this material, the effect would be hidden in the scatter and the effect becomes uncertain. In this study, we propose an evaluation method for the mean stress effect of the inclusion-induced scattered fatigue strength using the non-combustible Mg alloy AMX602B (X=Ca) (Sakamoto et al., 1997; Chang et al., 1998; Akiyama et al., 2000) . We discuss the equivalence of an artificial defect and an actual defect (inclusion). Figure 1 shows the S-N diagram for the smooth specimens of the non-combustible Mg alloy AMX602B (X=Ca) by the authors (Kitahara et al., 2005; Kitahara et al., 2006; Fujii et al., 2008; Masaki et al., 2008) . The relationship between the load stress and the fatigue life of the smooth specimens significantly varies. Moreover, no non-propagating crack was observed in the unbroken specimens. The condition of the surface of the fatigue fracture origin is shown in Fig. 2 . The fracture originated at a non-metallic inclusion. There have been several studies that investigated the effect of the mean stress on the fatigue strength of the conventional Mg alloy (Forrest, 1962; Heywood, 1962; Osgood, 1970; Ogarevic & Stephens, 1990; Akiyama et al., 2000) . Forrest (Forrest, 1962) reported that the effect of the mean stress on the fatigue strength of a Mg alloy can be evaluated using the modified Goodman diagram. In contrast, Heywood (Heywood, 1962) and Osgood (Osgood, 1970) reported that the fatigue strength of a Mg alloy under a high mean stress became low and that the fatigue life evaluation using the modified Goodman diagram may not be conservative prediction. However, the reason why the fatigue strength under a high mean stress decreases has not been clarified. In this study, rotating-bending fatigue tests and tension-compression fatigue tests were carried out on specimens with an artificial defect (a small hole or a small crack). Especially, we examined why the fatigue strength under a high mean stress decreases and whether the fatigue strength at N = 10 7 under a mean stress can be applied to an estimation using the modified Goodman diagram. The fatigue testing of the small holed specimens and the small cracked specimens was first performed, and the characteristics of the fatigue strength at N = 10 7 under a high tensile mean stress were investigated. Moreover, the size dependence of the fatigue strength with a small crack was investigated. Based on the results of the fatigue testing of smooth, small hole and the small crack specimens, the influence of the mean stress on the fatigue strength at N = 10 7 of the smooth specimens was considered, and the validity of the application of the modified Goodman diagram was investigated. (Kitahara et al., 2005; Kitahara et al., 2006; Masaki et al., 2008) . Non-metallic inclusion observed at fatigue fracture origin of the non-combustible Mg alloy (AMX602B (X=Ca)) smooth specimens (rotating-bending) (Kitahara et al., 2005; Kitahara et al., 2006) 
Characteristics of non-combustible Mg alloy
In order to stop global warming and solve the energy problem, improvement in the fuel consumption by the weight saving of vehicles is now being advanced. In this case, the use of a magnesium (Mg) alloy is attracting attention because the Clarke number of Mg is high, and Mg has the lowest density of commercial metals. The non-combustible Mg alloy used in this study is a material which has an improved resistance of being easy to burn by the addition of about 2% calcium (Ca) to the conventional Mg alloy (Sakamoto et al., 1997; Chang et al., 1998; Akiyama et al., 2000; Masaki et al., 2008) . Figure 3 shows the relationship between the ignition point and the Ca content of the Mg alloys (Sakamoto et al., 1997) . The ignition point of the non-combustible Mg alloy is about 300K higher than that of the conventional Mg alloy. Therefore, the noncombustible Mg alloy can be safely used in casting and metal cutting compared to the conventional Mg alloy. The non-combustible Mg alloy does not need special protection from atmospheric gases or a special flux in the case of casting. Therefore, working in air can be done similar to that for an aluminum alloy. Consequently, an improvement in the problem of high cost, which is one of the concerns of the conventional Mg alloy, is expected. In order to utilize the non-combustible Mg alloy in practical use as a structural material, it is necessary to determine the fatigue strength characteristics. The fatigue strength characteristics have been investigated for the Mg alloy until now (Forrest, 1962; Heywood, 1962; Osgood, 1970; Ogarevic & Stephens, 1990) . The S-N diagram characteristics of the Mg alloy are reported as follows: though a clear fatigue limit is not shown, the strength gradually decreases with an increase in the cycles to failure up to a high cycle region (Forrest, 1962; Heywood, 1962; Osgood, 1970; Ogarevic & Stephens, 1990) . (Sakamoto et al., 1997) With the addition of Ca, inclusions increase in the non-combustible Mg alloy (Akiyama et al., 2000) . Therefore, it is necessary to consider the influence of inclusions in the case of the fatigue strength characteristics evaluation. The fatigue strength at N = 10 7 for the smooth specimens of the three types of the non-combustible Mg alloys (AMX602B (X=Ca), AZX312D (X=Ca), AZX912D (X=Ca)) using a rotating-bending fatigue testing machine was investigated by the authors (Kitahara et al., 2005; Kitahara et al., 2006; Fujii et al., 2008;  www.intechopen.com Masaki et al., 2008) . As a result, it was clarified that the fatigue fracture origin in the noncombustible Mg alloy was due to a non-metallic inclusion as shown in Fig. 2 . The nonmetallic inclusion is shown in Fig. 2(b) . No non-propagating crack at N = 10 7 was observed. The fatigue strength at N = 10 7 could be estimated using the size of the non-metallic inclusion at the fracture origin (Kitahara et al., 2005; Kitahara et al., 2006) . The fatigue strength of the non-combustible Mg alloy was almost the same as that of the conventional Mg alloy. Figure 4 shows the results of having compared the relationship of the tensile strength and the fatigue strength at N = 10 7 in the non-combustible Mg alloy with the relationship of the tensile strength and the fatigue strength at N = 2×10 7 for the conventional Mg alloy (Heywood, 1962) . Although the fatigue strength at N = 10 7 of the non-combustible Mg alloy has some scatter due to the size of the inclusions, it turns out to be comparable to the conventional Mg alloy in tensile strength. 
Experimental procedure
The material used in this study is an extruded non-combustible Mg alloy AMX602B (X=Ca) (extrusion ratio: 3). Its mean grain size is 5 µm. Table 1 shows the chemical composition. Table 2 shows the mechanical properties. Young's modulus, tensile strength and elongation of AMX602B (X=Ca) are the same as those of a conventional Mg alloy. Figure 5 shows the specimen configurations for the rotating-bending fatigue test and tension-compression fatigue test. Three types (smooth, with a small hole and with a small crack) of specimens were prepared. For the non-combustible Mg alloy, if a smooth specimen is used for the fatigue test, the inclusion of various sizes serves to initiate a fatigue crack, the fatigue strength at N = 10 7 varies (Kitahara et al., 2005; Kitahara et al., 2006; Fujii et al., 2008; Masaki et al., 2008) , and the influence of the mean stress on the fatigue strength at N = 10 7 cannot be studied in detail. In order to correctly determine the fatigue strength at N = 10 7 , a small hole or a small crack is then introduced in the test specimen. The size of the hole and the crack are slightly larger than the inclusion. This specimen then enabled us to study the influence of the mean stress in detail. Moreover, the reason for having introduced two kinds of artificial defects (a small hole or a small crack) is for the inclusion to clearly show, which is equivalent to a actual defect, a small hole or a small crack. The surfaces of the specimens are buff-polished using alumina (particle size: 0.05µm). For the small hole specimens, as shown in Fig. 5 (c), a small hole (d 1 = h 1 = 100µm) is introduced in the specimen surface after surface polishing. For the small crack specimens, as shown in Fig. 5 (d), a small hole (d 2 = h 2 = 50µm) is introduced in the specimen surface after surface polishing, and a small crack (2a ≈ 160µm) is introduced in the specimen surface by fatigue loading. After that, in order to relieve residual stress caused by introducing the small crack, the specimens are annealed in vacuum for 1 hour at 200°C. The size of the small hole and the small crack are arranged to be the same value: 100µm when the area parameter model (Murakami, 2002a ) is applied. The area is the square root of the projected "area" of an inclusion onto a plane perpendicular to the maximum principal stress. Figure 6 shows the definition of the area . Though we are concerned about the influence on the fatigue strength by the difference in a processing method between each test specimen, it is shown clearly that the influence of vacuum annealing on the fatigue strength at N = 10 7 is small (to be described). Moreover, in order to investigate the size dependence of the fatigue strength of the small crack specimens at N = 10 7 , the test specimens which have 349µm, 650µm or 918µm length crack were prepared. Rotating-bending fatigue tests were also used for the small crack specimens. The test machines used for this study are the Ono-type rotating-bending fatigue test machine and the hydro-servo tension-compression fatigue testing machine. Fatigue tests were performed in air at room temperature. The frequency for the rotating-bending fatigue tests is 50Hz, for tension-compression fatigue tests of smooth and the small hole specimens is 20Hz and those for tension-compression fatigue tests of small crack specimens are 30Hz and 35Hz. The replica method was used to observe the specimen surface successively. Figure 7 shows the S-N diagram for the specimens with the small hole and the small crack under the rotating-bending fatigue test. In Fig. 7 , the results for the vacuum-annealed small hole specimens are also shown. When vacuum annealing was carried out, we were concerned about the fatigue strength at N = 10 7 changing, but in this study, the fatigue strength at N = 10 7 after vacuum annealing has not changed. Therefore, the influence on the fatigue strength at N = 10 7 by the difference in residual stress of the processing method is small, and we can compare the fatigue strength of the small hole specimens, the small crack specimens and the smooth specimens. The fatigue strength at N = 10 7 of the specimens with the small hole and the small crack was 95MPa and 70MPa, respectively. The fatigue strength at N = 10 7 of the specimens with the small hole is about 30% higher than that of the small crack, and effects of defect shape exist (effect of stress concentration level). Figure 8 shows micrographs around the small hole and the small crack. No crack was observed under the fatigue strength at N = 10 7 in the small hole specimen. Otherwise, a nonpropagating crack was observed under the fatigue strength at N = 10 7 in the small crack specimen. Because the small hole specimen and the small crack specimen have a comparable defect size area , when a crack is initiated from the small hole, the stress intensity factor which acts on the crack in the small hole specimen becomes almost equal to the stress intensity factor which acts on the small crack specimen. If one assumes that the crack has been initiated from the small hole, the fatigue strength at N = 10 7 of the small hole specimens and the small crack specimen should become comparable. However, in this study, there is about a 30% difference between the fatigue strength at N = 10 7 of the small hole specimens and that of the small crack specimens. Therefore, the fatigue strength at N = 10 7 of the small hole specimens is determined by the crack-initiating critical stress, and the fatigue strength at N = 10 7 of the small crack specimens is determined by the crack-propagating critical stress.
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That is, the reason why the fatigue strength at N = 10 7 of the small hole specimens is higher than that of the small crack specimens is that the stress amplitude required in order for a crack to be initiated from a small hole is higher than the stress amplitude required for a crack to propagate. Therefore, effects of the defect shape (effect of stress concentration level) on the fatigue strength at N = 10 7 do exist.
Effect of the mean stress on the fatigue strength at N = 10
7 characteristics of the small hole and the small crack specimens Figure 9 shows endurance data for specimens with a small hole or a small crack. The fatigue strength at N = 10 7 of the specimens with a small hole was 30 ~ 150% higher than that of the specimens with a small crack under tensile mean stress. The effects of defect shape (effect of stress concentration level) on the fatigue strength at N = 10 7 exist. On the other hand, when the mean stress is as high as 100MPa or more (σ m > 100MPa), the small hole specimens show a different fatigue behavior from that of the small crack specimens. As in the report by Heywood (Heywood, 1962) or Osgood (Osgood, 1970) , the fatigue strength at N = 10 7 suddenly decreased as the mean stress became high. In order to clarify the reason why only the small hole specimens suddenly decreases in fatigue strength at N = 10 7 under a high tensile mean stress, the endurance diagram was considered by dividing it into two domains (Domain I and Domain II). Domain I is defined as the mean stress σ m = 0 to 100MPa domain. This is the domain in which the fatigue strength of the small hole specimens falls gradually and the fatigue strength at N = 10 7 of the small crack specimens suddenly decreases compared with the small hole specimens as the mean stress becomes high. Nisitani & Okasaka (Nisitani & Okasaka, 1973) has reported as follows on the influence of the mean stress affecting the crack initiation and crack propagation. Because the magnitude of stress amplitude is the main factor in crack initiation, the influence of the mean stress is small, and because stress amplitude and the magnitude of the maximum stress are the main factors in crack propagation, the influence of the mean stress is large. Therefore, because the fatigue strength at N = 10 7 of the small hole specimens is the crackinitiation critical stress, the magnitude of stress amplitude becomes important and it is thought that the influence of the mean stress affecting the fatigue strength at N = 10 7 of the small hole specimens is small. Moreover, the fatigue strength at N = 10 7 of the small crack specimens is the crack-propagation limit; therefore, the stress amplitude and the magnitude of the maximum stress become important, and it is thought that the influence of the mean stress on the fatigue strength at N = 10 7 of the small crack specimens is larger than that on the small hole specimens. Domain II is defined as the mean stress σ m = 100 to 190MPa domain. This is the domain in which the fatigue strength of the small hole specimens suddenly decreases and the fatigue strength at N = 10 7 of the small crack specimens falls gradually as the mean stress becomes high. In order to clarify the cause of the fatigue strength at N = 10 7 of the small hole specimens suddenly decreasing under a high tensile mean stress, the condition near the small hole in the test was observed in detail. As a result, static cracks from a small hole under a high tensile stress had occurred during the time of the first loading in the fatigue testing. A photograph of the static cracks observed around the small hole is shown in Fig. 10 . As shown in Fig. 9 , the fatigue strength at N = 10 7 of the small hole specimens is higher than the fatigue strength at N = 10 7 of the small crack specimens by about 30 ~ 150%, and it shows the influence of defect shape (effect of stress concentration level). Therefore, the reason that the fatigue strength at N = 10 7 suddenly decreases under a high tensile mean stress in the small hole specimens is as follows: it falls when the shape of the defect changes from a small hole to a small crack and the fatigue strength at N = 10 7 of the small hole specimens approaches the fatigue strength at N = 10 7 of the small crack specimens, because static cracks were initiated from a small hole during the time of the first loading. That is, in the small hole specimens, unless it comes under a high tensile mean stress during which static cracks are initiated from the small hole, the fatigue strength at N = 10 7 does not fall. Kang et al. (Kang et al., 2007) has also reported that the fatigue limit fell due to a static crack in research on high strength prestrained steel. In addition, the reason why the fatigue strength at N = 10 7 of the small hole specimens is slightly higher under a high tensile mean stress than the fatigue strength at N = 10 7 of the small crack specimens is considered to be as follows. The crack initiated in the small hole specimens at the time of the first loading is not a fatigue crack but a static crack, and the static crack has been strongly influenced by crack closure due to plastic deformation near the small hole, so that the crack opening stress is then higher than that of the small crack specimens. Kondo et al. (Kondo et al., 2003) has reported the small crack opening stress of steel as follows regarding the fatigue strength characteristics of the small crack specimens under a high tensile mean stress (R = 0.5): under a high mean stress, the crack closure is not observed, so that the threshold stress intensity factor range, ΔK th is the same value as the effective threshold stress intensity factor range, ΔK eff, th . Therefore, the reason why the fatigue strength at N = 10 7 of the small crack specimens falls gradually in this research is considered to be because the fatigue strength at N = 10 7 of the small crack specimens becomes close to the effective threshold stress intensity factor range, ΔK eff, th , for a high tensile mean stress. Figure 11 shows the relationship between the defect size area of the smooth specimens, the small hole specimens and the small crack specimens and their fatigue strength. In order to compare the fatigue strength of the smooth specimens with the results for the small crack specimens, the results of extrapolating the relation between the defect size area and the fatigue strength at N = 10 7 using the experimental results for a crack length of about 50µm ( area = 30µm) in which crack length is sufficiently larger than the size of a few grain are shown. The slope of extrapolation was set to 1/6 (Murakami, 2002b ) which reported to be good agreement with many materials. The relationship for the smooth specimens between the defect size area and the fatigue strength is closer to the relationship for the small hole specimens than the relationship for the small crack specimens. Moreover, the fatigue strength at N = 10 7 of the smooth specimens is high compared with that of the small crack specimens. Therefore, it is thought that in the fatigue strength at N = 10 7 , the fatigue behavior of the smooth specimens shows the near fatigue behavior of the small hole specimens. That is, the fatigue strength at N = 10 7 of the smooth specimens is thought to be the crack initiation limit. The effect of the mean stress on the fatigue strength at N = 10 7 is considered as follows. Under the high mean stress in which a static crack is initiated, the fatigue strength at N = 10 7 falls; however, the fall in fatigue strength at N = 10 7 is smooth under the mean stress in which a static crack is not www.intechopen.com initiated. Like the fatigue behavior of the small hole specimens, unless it is examined on the smooth specimens, a nonpropagating crack is indeed not observed. As shown in Fig. 12 , when the loading of the high tensile stress was carried out, the static crack was initiated from the inclusion. Figure 13 shows the endurance data for the smooth specimens. In the fatigue test results for the smooth specimens, the highest fatigue strength at N = 10 7 was applied, because the application of the highest fatigue strength created a severe modified Goodman diagram. The fatigue strength at N = 10 7 of the small hole specimens (Fig. 5) is also shown in the figure by a dashed line. The fatigue strength at N = 10 7 of the smooth specimens is higher than that of the small hole specimens in the range of σ max < σ 0.2 . From these results, the mean stress influence on the fatigue strength at N = 10 7 can be evaluated on the safety side using the modified Goodman diagram in the practical stress range (σ max < σ 0.2 ). Meanwhile, a static crack is initiated also in the smooth specimens, and there is a possibility that the fatigue strength at N = 10 7 may suddenly decrease under a high tensile mean stress. However, the tensile stress at which a static crack is initiated in a smooth specimens exceeds 0.2% proof stress, and the range under the mean stress which is considered to cause the fall fatigue strength at N = 10 7 in the smooth specimens is not a practical stress range (σ max < σ 0.2 ).
Application validity of the modified Goodman diagram

Discussion of the effect of the mean stress on the fatigue strength of other Mg alloys
The possibility that the fatigue strength falls due to a static crack initiated under a high tensile mean stress in other Mg alloys is considered. In order for the fatigue strength to fall due to a static crack, the following two points are required. the loading of a high tensile stress.
(ii) The crack-initiation critical stress is higher than the fatigue crack-propagation critical stress, and once a crack is initiated, the fatigue strength will fall. Elongation of many Mg alloys is about 10% (The Japan Magnesium Association, 2000). Because the elongation is small, it is thought that a static crack is initiated by a high tensile stress load. Moreover, because a clear fatigue limit is not defined for smooth specimens of many Mg alloys, the crack-initiation critical stress of the smooth specimens is higher than the fatigue crack-propagation critical stress, and once a crack is initiated, the fatigue strength is thought to fall. Therefore, also in other Mg alloys, it is thought that the fatigue strength falls due to static crack initiation like that in the small hole specimens in this research. One can say that, also in other Mg alloys, unless the alloy is under a high tensile mean stress during which a static crack is initiated, it is thought that the influence of the mean stress on the fatigue strength can be evaluated using the modified Goodman diagram. Furthermore, the difference in the opinions of Forrest (Forrest, 1962) , Heywood (Heywood, 1962) and Osgood (Osgood, 1970) can also be explained based on the considerations described above. The report of Forrest (Forrest, 1962) summarized the influence of the mean stress on the fatigue strength of the Mg alloy which does not have much of a difference in the fatigue crack-propagation critical stress and the crack-initiation critical stress, and it is thought that the fatigue strength did not suddenly decrease under the high tensile mean stress. The reports of Heywood (Heywood, 1962) and Osgood (Osgood, 1970) summarized the influence of the mean stress affecting the fatigue strength of the Mg alloy which shows a difference in the fatigue crack-propagation critical stress and the crack-initiation critical stress, and the fatigue strength suddenly decrease under the high tensile mean stress; if the modified Goodman diagram is used for evaluation of fatigue strength, it is thought that it may not be conservative prediction.
Conclusions
Using the smooth specimens, the small hole specimens and the small crack specimens of the non-combustible Mg alloy AMX602B (X=Ca), the influence of the mean stress on the fatigue strength at N = 10 7 was investigated. We especially investigated the validity of applying the modified Goodman diagram to determine why the fatigue strength suddenly decreases www.intechopen.com under a high tensile mean stress and why the mean stress affected the fatigue strength at N = 10 7 . The conclusions are as follows. 1. We proposed an evaluation method for the mean stress effect of the inclusion-induced scattered fatigue strength. The proposed method involves fatigue testing using specimens with an artificial defect. 2. Using the non-combustible Mg alloy, whose fatigue strength shows an inclusioninduced scattering, the mean stress effect of the fatigue strength was evaluated. 3. In the range of σ m = 0 to 100MPa, the fatigue strength at N = 10 7 of the small hole specimens was higher than that of the small crack specimens by 30 to 150%. 4. In the range of σ m > 100MPa, the fatigue strength at N = 10 7 of the small hole specimens suddenly decreased due to static cracks initiating around the small hole during the first loading. 5. In the practical stress range (σ max < σ 0.2 ), the fatigue strength at N = 10 7 of the smooth specimens was estimated using the modified Goodman diagram. 
